The presence of a solvent in a dense polymeric nanofiltration membrane layer can affect the macromolecular dynamics of the polymer material and the mobility of the solvent penetrant molecules. In addition, even the affinity of the swollen material for the solvent molecules can be distinct from that of the pure polymer material. These effects can substantially affect the membrane's performance. This paper provides sorption and swelling data of 9 thin polymer films that are commonly used for organic solvent nanofiltration (P84, Matrimid, PEI, PAN, PES, PSf, PEBAX, PTMSP, PDMS) swollen by 10 common solvents (hexane, toluene, dichloromethane, ethyl acetate, methyl ethyl ketone, acetone, isopropanol, ethanol, methanol, water). The paper describes the swelling dynamics during short-term solvent exposure (0-8 h), assesses the stability upon long-term solvent exposure (up to 2 months), and provides quantitative data on the solvent volume fractions inside the swollen layers. Among the surprising findings are the glubbery behavior of PTMSP and the completely different response of PES and PSf to toluene exposure. The results of this work demonstrate three crucial findings relevant to organic solvent nanofiltration membranes and other applications:
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A B S T R A C T
The presence of a solvent in a dense polymeric nanofiltration membrane layer can affect the macromolecular dynamics of the polymer material and the mobility of the solvent penetrant molecules. In addition, even the affinity of the swollen material for the solvent molecules can be distinct from that of the pure polymer material. These effects can substantially affect the membrane's performance. This paper provides sorption and swelling data of 9 thin polymer films that are commonly used for organic solvent nanofiltration (P84, Matrimid, PEI, PAN, PES, PSf, PEBAX, PTMSP, PDMS) swollen by 10 common solvents (hexane, toluene, dichloromethane, ethyl acetate, methyl ethyl ketone, acetone, isopropanol, ethanol, methanol, water). The paper describes the swelling dynamics during short-term solvent exposure (0-8 h), assesses the stability upon long-term solvent exposure (up to 2 months), and provides quantitative data on the solvent volume fractions inside the swollen layers. Among the surprising findings are the glubbery behavior of PTMSP and the completely different response of PES and PSf to toluene exposure. The results of this work demonstrate three crucial findings relevant to organic solvent nanofiltration membranes and other applications:
Introduction
Organic solvent nanofiltration (OSN) membranes separate solvents from solutes based on the difference in their permeability through the membrane [1, 2] . Solvent permeation through dense nanofiltration membranes can be described by the combined contributions of the dissolution of the solvent into the polymer and its diffusion through the polymer layer. The presence of the solvent in the polymer matrix can result in changes in the properties of the polymer layer, of which the most evident change is the swelling of the polymer matrix. In membrane applications, the swelling of the polymer matrix can result in a decreased retention of small solutes [3] , an increased diffusion coefficient for the permeating components [4] , plasticization [5] [6] [7] [8] and/or pore collapse and mechanical instabilities [1, 9] .
To study membrane swelling, it is important to distinguish between the swelling or dilation of the material on one hand and the solvent (mass) uptake in the layer on the other hand. In the field of membrane science, the term swelling is often used synonymously with mass uptake, whereas in the field of polymer science swelling typically refers to dilation. These two terms have to be clearly distinguished because they do not necessarily represent the same phenomenon. For instance, a glassy polymer containing excess free volume may take up solvent without displaying significant dilation. In this manuscript, we adopt the term swelling to describe the dimensional dilation of the layer and solvent uptake to describe the increase in the amount of solvent inside the layer.
Typically gravimetric methods are employed to determine the solvent mass uptake by a polymer [10] [11] [12] [13] [14] . Alternatively, measurement of changes in the size of the material can be used to calculate the dilation [14] [15] [16] [17] . However, neither of these two metrics (solvent mass uptake nor dilation) can be used to accurately calculate the solvent concentration inside a layer without making a series of assumptions, such as the molar volume of the solvent in the polymer. Accurate data on the solvent concentration inside a thin film is of crucial importance, since it is directly correlated to the chemical potential of the solvent -the thermodynamic driving force for solvent-induced changes. Therefore, it is important to simultaneously determine the swelling of and solvent uptake by a layer. Better understanding of the swelling dynamics would allow for selection of suitable polymer-solvent combinations and prediction of long-term changes in membrane properties.
Characterization of thin membrane films is further complicated because the behavior of a thin film of sub-micron thickness can be different from that of a bulk polymer that is measured in the common swelling methods [18] [19] [20] . Firstly, the confinement of a thin membrane film to a substrate restricts the swelling to one dimension, causing the (elastic) strain energy contributions for a given volumetric change to be higher for a thin film as compared to a bulk polymer that can swell in three dimensions (see Supplementary Information, Eq. (25)). Secondly, thin films may behave systematically different from bulk samples, for instance because of nano-confinement effects (e.g., interface effects, polymer chain relaxation dynamics, residual stress) [21] or different time scales for diffusion as a result of the different diffusion length [22, 23] .
To mimic the conditions to which a membrane is exposed, thin films that are confined to a substrate need to be studied. Measurements on the layers need to be performed in the solvent (in situ) and must address both the short as well as the long-term behavior, as changes in membrane performance may manifest themselves promptly as well as gradually over time. Most studies that (partially) satisfy these measurement parameters and deal with swollen glassy films or membranes have been performed on model systems (e.g., PS [24, 25] , PMMA [26] ) or have used solvent vapors instead of liquids (e.g., [15, 27, 28] ); these rarely represent the polymers and conditions used in OSN applications. In this context, we aim at providing essential data on solvent-induced swelling, dynamics, and stability of relevant glassy polymers with a thin film geometry.
In this paper, we assess the swelling and solvent uptake of 9 typical hydrophobic membrane polymers in 10 commonly used solvents. The polymers poly(acrylonitrile) (PAN), poly(sulfone) (PSf), and poly(ether sulfone) (PES) have been selected because of their use in membrane supports. Polydimethylsiloxane (PDMS), poly(ether imide) (PEI), poly (ether block amide) (trade name: PEBAX), poly(imide) (P84 and Matrimid), and poly[1-(trimethylsilyl)-1-propyne] (PTMSP) have been selected because of their use in separation layers. The 10 solvents include apolar (hexane, toluene), polar protic (water, methanol (MeOH), ethanol (EtOH), isopropanol (IPA)) and polar aprotic (acetone, methyl-ethyl ketone (MEK), ethyl acetate (EA)) solvents. The final solvent studied is DCM, which is on the border between apolar and polar aprotic [29] . Since pure solvents were used, the solvent activity was equal to 1 in all measurements. The measurements were performed in situ with a high temporal resolution for the first 8 h following solvent exposure to study the swelling dynamics and subsequently over the course of 2 months with intermittent storage in the solvent to study the long-term effects of solvent exposure to the polymer layers.
For every polymer-solvent combination, the thickness (as a measure for swelling) and the refractive index (reflecting the solvent uptake) of the swollen layer were measured independently by spectroscopic ellipsometry, resulting in a vast dataset of well over 3000 measurement entries. The short-term measurements give clear insight in the swelling dynamics. The long-term measurements reflect the changes to the polymer upon exposure to the solvent for up to 2 months. These data allow for a more accurate quantification of the swelling degree of the layers and for studying the stability of polymers in contact with solvents. The presented data form a comprehensive dataset that allows for close investigation of specific polymers-solvent combinations. We believe that this data set aids in increasing the fundamental understanding of OSN membranes and can find use as a practical guide for choosing an appropriate membrane system for a given OSN process.
Theoretical considerations
Determining swelling and solvent uptake by ellipsometry
Spectroscopic ellipsometry is an optical measurement technique that allows for determining the thickness d and the refractive index n of a layer from the changes in the polarization state of light reflected from the sample, given by Ψ and Δ. The refractive index is a measure of the density of the layer and as such can be used to determine the amount of solvent inside a swollen membrane layer. The layer thickness and refractive index can be determined independently by fitting an optical model to the measured Ψ and Δ-data. By incorporating the refractive index of the solvent into the optical model, the thickness and refractive index of the swollen film can be tracked in situ. Fig. 1 shows a schematic representation of the sample cell that is used for the measurements. A detailed summary of ellipsometry for studying in situ swelling is given in reference [30] .
Definitions and calculations
Swelling degree
In this manuscript, the swelling degree SD (-) equals the swelling factor SF (-) minus 1 and is calculated from the ratio of the thicknesses of the swollen and dry film, by:
Normalized refractive index
The refractive index of the swollen layers is normalized to the refractive indices of the dry layer and the solvent, by:
The normalized refractive index is a measure for the optical properties of the layer: a value of 1 indicates that the "swollen" material has a refractive index identical to that of the pure polymer, whereas a value of 0 would indicate that the layer has attained the refractive index of the solvent (typically implying dissolution). n normalized can exceed the value of 1 when any excess free volume in the material is filled by the solvent (n solvent > n void = 1). It must be noted that the normalized refractive index does not correlate linearly with the solvent volume fraction in the layer (see Section 2.4).
Solvent volume fraction
For polymers without an excess free volume (i.e., rubbery polymers), the volume fractions of a solvent in a swollen film Φ s (-) and of the polymer in a swollen film Φ p (-) can be directly calculated from the swelling factor by:
This approach assumes no changes in the molar volumes of the solvent and the polymer and that the solvent-induced volume changes for a thin supported film are forced to occur only in the direction perpendicular to a substrate due to the confinement in the lateral plane.
For systems where volume additivity holds (mostly rubbery polymers with relatively weakly interacting penetrants) the dilation (Eq. (3)) and EMA (Eq. (5)) approaches are known to agree within experimental errors and yield accurate results [15, [31] [32] [33] [34] [35] . For glassy polymers, which possess non-equilibrium excess free volume (EFV), these approaches do not agree [36] . For more details on calculating the solvent fraction inside a swollen glassy polymer, the reader is referred to reference [36] .
Thermodynamics of polymer swelling and their application to membrane transport
In this section, the theoretical background behind the swelling of polymers and the relation between the swelling and membrane performance are described. The aim of the present paper is to provide the data that is crucial for applying all these theories.
Swelling of rubbery polymers
Amorphous polymer systems in equilibrium with a solvent are widely described by the Flory-Huggins theory [37] . This theory employs statistical thermodynamics to derive an expression that describes the sorption equilibrium between a polymer and a solvent. Under the assumption that the polymer molecules are much larger than the solvent molecules, the activity of the solvent a s (-), can be described in terms of its volume fraction Φ s (-), and the volume fraction of the polymer Φ p (-):
in which χ (-) is the polymer-solvent interaction parameter. Eq. (4) shows that the activity of a solvent inside a polymeric layer is directly related to its volume fraction inside the swollen layer. Therefore, when modelling transport through polymeric membrane layers based on the solvent activity, it is important to know the solvent volume fraction inside the layer.
To account for the elastic contributions of a cross-linker, Eq. (4) needs to be expanded with an contribution of the elastic deformation according to the Flory-Rehner theory [38] . The Flory-Rehner theory for swelling in N dimensions is given in the Supplementary information.
Swelling of glassy polymers
The swelling behavior of glassy polymers can be distinctly different from that of rubbery materials. Due to the presence of an excess free volume in glassy polymers, solvent uptake can occur both by polymer dilation and filling of the free volume (the so-called dual-mode sorption mechanism) [39, 40] . The solvent uptake can in turn induce further polymer chain relaxations, which can occur over a broad range of timescales (seconds to years). Since glassy polymers show this nonequilibrium character, the Flory-Huggins theory does not hold for solvent uptake in glassy polymers [12, [41] [42] [43] [44] [45] [46] . Various attempts have been made to describe penetrant sorption in glassy systems mathematically [47] [48] [49] [50] [51] [52] . However, the superposition of dilation, free-volume filling and secondary relaxations complicates the design of a unified theory. Therefore, in addition, semi-empirical relationships incorporating diffusional swelling and relaxations are being used to fit swelling data [53] . Because of the difficulty in modelling the swelling of glassy polymers, experimental data is essential for these systems.
Sporadically, solvent effects can even lead to a solvent-induced glass transition [6, 25, [54] [55] [56] -an isothermal transformation of a glassy system into a rubbery system. Passing through the solvent-induced glass transition can lead to strong changes in the membrane properties. Moreover, for thin membrane films, the still poorly understood finitesize effects (i.e., nano-confinement) can become very important, especially in the case of ultra-thin glassy films [16, 18, 19, 24, 57] . Such effects are minimized in this study by using films with thicknesses larger than 100 nm.
Models of polymer swelling dynamics
The rate of solvent uptake by a polymer can be limited by two different processes: the diffusion rate of the solvent in the polymer and the relaxation of the polymer chains. These relaxations are a direct result of the solvent-induced swelling of the material. These two processes can be superimposed and therefore lead to multiple theoretical swelling curves.
Rubbery polymers
For rubbery polymers, the swelling by solvent uptake occurs almost instantly due to the absence of long-term polymer relaxations. Because the characteristic time scale for polymer chain mobility is of the same order of magnitude as the time scale for liquid diffusion, rubbery polymers usually attain equilibrium with the solvent very quickly (for thin supported films well below 1 s). Fig. 2 displays the typical shape of the swelling-time and the concentration-time curve for the swelling of a (slightly cross-linked) rubbery polymer (R). Upon solvent exposure, t 0 , the thickness and normalized refractive index instantaneously attains their equilibrium values.
The solvent that mixes with the polymer causes the refractive index n swollen of the swollen polymer to approach the refractive index of the 
Hence, the volume fraction of the solvent inside the layer can be calculated based on the refractive indices of the solvent, the dry polymer and the swollen layer. It is equal to the solvent volume fraction calculation from the layer dilation, given in Eq. (3).
Glassy polymers
Glassy polymers contain an excess free volume [58] . Due to this excess free volume, the changes in the thickness and the refractive index of a swollen glassy polymer are not fully coupled. For instance, a solvent could fill the free volume of the polymer, without causing significant changes in the thickness of the layer. As a result of this, at least four different types of swelling dynamics can be found when a glassy polymer is exposed to a solvent. An overview of these four cases is given in Fig. 3. 
Fickian diffusion.
For most solvent-polymer combinations, the rate of dilation is governed by the Fickian diffusion (F) of the solvent through the polymer film. When plotted versus the square root of time, the swelling degree will initially show a linear behavior after which it will level off to the equilibrium swelling level. However, in many cases, this diffusion step is superimposed by secondary relaxations (r) of the polymer chains that can result in either a further dilation (positive relaxation, rp) or shrinkage of the layer (negative dilation, r n ).
In a polymer with a low excess free volume, the change in the refractive index reflects the change in the thickness closely. If the polymer, however, contains a significant amount of free volume (typical for polymers with a high T g ), the free volume can be filled (f) by the solvent without showing a corresponding dilation; in this case, an initial increase in the refractive index of the swollen layer (since solvent replaces voids) is recorded.
Case II diffusion.
If the transport of the solvent is not limited by the Fickian diffusion, but only by the polymer relaxation, the so-called Case II diffusion (CII) occurs. Case II diffusion is characterized by a linear dependence of the dilation on time (note: in the manuscript, the experimental data is plotted versus the square-root of time for visualization purposes, and hence Case II diffusion will not display a straight line). Although a free-volume filling step (f) can take place, the changes during Case-II diffusion are typically too fast for recording the free volume filling within the temporal resolution of the experiment. Subsequent to Case II diffusion, the polymer typically shows so-called overshoot dynamics (o). Overshoot dynamics are essentially the same as positive relaxations, but were named differently in the case of Case II diffusion.
Dissolution.
If a solvent has a particularly high affinity for a (non-crosslinked) polymer, dissolution (D) of the polymer can occur. Typically, two type of dissolution models are discerned, of which normal dissolution is the most commonly applicable [59] . For normal dissolution, as shown in the bottom right panel of Fig. 3 , solvent diffuses into the layer, plasticizes the polymer into a gel layer that has rubbery characteristics, from which layer the polymer chains can disentangle and dissolve. Such behavior would be recorded by spectroscopic ellipsometry as a decreasing thickness while the refractive index stays constant or decreases as well. The thickness eventually decreases down to 0, resulting in a swelling degree of − 1. Alternatively, for thin films it is possible that the layer swells more strongly before disentanglement commences and no gel layer is formed. This phenomenon, which was not recorded in the pure solvents in our study, would be displayed by a continues swelling with simultaneous, continuous decrease in the refractive index, until at a certain point the refractive index of the polymer approaches the refractive index of the layer and the swelling approaches an asymptote. Opposed to the solvent 'eating away' layers from the top in the normal dissolution, the film swells until it is indistinguishable from the solvent and dissolves 'from within'. 99 .8%, Sigma-Aldrich), 2-propanol (LC-MS Chromasolv® ≥99.9%, Fluka or anhydrous, > 99.5%, Sigma-Aldrich), toluene (anhydrous, ≥ 99.8%, Sigma-Aldrich), and dichloromethane (SigmaAldrich) were used as received for the swelling study.
Materials and methods
Materials
Matrimid
Nitrogen used for the inert atmosphere during the T g and EFV analysis was purified using a water adsorbent followed by an O 2 -trap (< 1 ppb O 2 ).
Layer preparation
Thin polymer films were prepared by spin coating (WS-400B-6NPP/ LITE, Laurell Technologies Corporation) of a polymer dope onto a silicon wafer under a nitrogen atmosphere. Polymer dopes were prepared with the solvents and concentrations listed in Table 2 . Silicon wafers cut to pieces of approximately 2 × 2 cm. Prior to spin coating, wafers were cleaned with acetone, wiped with a paper towel and let to dry. The spinning dope is applied as soon after drying as possible to prevent contamination of the surface. After applying the spinning dope, a wait time of~30 s was used to equilibrate the temperature of the dope and the wafer. The general spin coating recipe consisted of a single step at a speed of 3000 for 60 s. For polymers dissolved in NMP, an alternative recipe was used, which consisted of a 10 s step at 500 rpm, followed by a 2.5 min step at 2500 rpm, and a 4 min drying step at 625 rpm to evaporate the NMP from the sample. The thickness was tuned by changing the concentration of the spinning dope (see Table 2 ), in order to obtain layers with dry thicknesses of 100-300 nm.
The excess free volume (EFV) and glass transition temperature (T g ) were measured using temperature-dependent spectroscopic ellipsometry analysis (TEA) on an M2000-X ellipsometer (J.A. Woollam Co.) equipped with a temperature-controlled hot-stage (HCS622, INSTEC), the temperature was calibrated using melting point standards [60] . The spectroscopic ellipsometry measurements were conducted in the full wavelength range of 370-1000 nm.
During the experiments, the hot stage was continuously purged with ultrapure nitrogen. Prior to the thermal treatment, the films were kept at room temperature for 30 min. Subsequently, the samples were heated instantaneously to a temperature well above the T g but well below the degradation temperature for 2 h. The sample was held at this temperature for 2 h and subsequently cooled down with a cooling rate of 5°C per minute. This procedure was repeated multiple times, to find the highest possible temperature at which degradation did not occur and to obtain data for statistical error analysis. To obtain the hypothetical liquid refractive index, the procedure outlined in reference [36] was followed.
Data analysis was performed with the same models that were used for the dry layers. For the silicon wafer, the temperature-dependent dielectric function provided by CompleteEASE was used.
In order to obtain a representative starting point for the glassy polymers, the polymers were annealed for 8 h (see Table 2 ). All polymers except for Matrimid, PEBAX, PTMSP, and PDMS were annealed above their T g , To minimize aging the effects of aging that could occur after the annealing, all polymers were stored under nitrogen for exactly 6 days prior to use.
Measurement protocol
For all polymer-solvent combinations, the following measurements were performed (after the annealing and 6 days ageing period):
1. Dry thickness at 9 random spots on the sample; 2. The thickness in the solvent at a single spot continuously for at least 8 h; 3. Swollen thickness in the solvent at 9 random spots after the continuous measurement; 4. Swollen thickness in the solvent at 9 random spots after two weeks; 5. Swollen thickness in the solvent at 9 random spots after four weeks; 6. Swollen thickness in the solvent at 9 random spots after six weeks or longer; 7. Dry thickness at 9 random spots after fully drying of the polymer layer.
In the long-term data, the data points are connected by lines. These lines form a guide-to-the-eye only.
In situ measurement of swelling: layer thickness and solvent concentration
The layer thickness and refractive index were determined from (Ψ,Δ)-spectra, obtained using spectroscopic ellipsometry on a M-2000X or α-SE ellipsometer (both J.A. Woollam Co., Inc.) under an angle of incidence 70°. For all except the short-term measurement, multiple spots i are measured on a sample to get information on the sample inhomogeneity that can be used in the analysis of the experimental uncertainty. Measurements in solvents were performed in a temperature-controlled glass cell at 22°C. The unavoidable time lag of approximately 10-30 s between inserting the polymer in the solvent and the first measurement point by the ellipsometer was recorded and corrected for in the time data. For the rubbery polymers PDMS and PEBAX, the T g is below room temperature and no EFV is present at room temperature. PTMSP could not be annealed above the T g without degradation and as such, the T g and EFV could not be determined.
Data modelling
Here, a summary of the data modelling procedure is given. The full details on the modelling are given in the Supplementary information. All films were modelled using a silicon wafer [61] with 2 nm native oxide [61] as a substrate. Where possible, the polymer films were modelled by a simple, isotropic Cauchy model. For some polymers, more advanced models were required to capture the data successfully. For instance, a gradient in the refractive index, or an optical anisotropy in the film had to be taken into account. These advanced cases are indicated by an asterisk (*) in the manuscript, and are explained in full detail in the Supplementary information. For the polymers exposed to the solvent, the optical dispersion of the solvent was included.
For the purpose of visualization, the dynamic data are plot versus the square root of time; this representation does not imply any physical mechanism.
Quantification of experimental uncertainties
Uncertainties on obtained values are inherent to experiments. In the case of measuring swollen films using spectroscopic ellipsometry, measurement inaccuracies can be introduced easily. The technique performs optimally on smooth and laterally homogeneous films in the range of 100-500 nm, which fortuitously is the range of interest for coated membrane films. Since spectroscopic ellipsometry relies on an optical contrast between a (swollen) layer and its environment (the solvent), it is especially sensitive to perturbations when the refractive index of the polymer film approaches the refractive index of the solvent, which is the case for highly swollen films (and in some cases, already for the dry polymer-solvent combination). Readers unfamiliar with spectroscopic ellipsometry are referred to Ogieglo et al. [30] for a clear description of the advantages, disadvantages and limitations of using spectroscopic ellipsometry for measuring swelling polymer films. For a thorough discussion on possible errors and inherent measurement uncertainties, the reader is referred to Tempelman et al. [62] . Throughout this manuscript, uncertainties are quantified and given as error bars, which denote the standard error. For those data points for which uncertainties in the data value are introduced both through the data fit and through the lateral inhomogeneity of the sample, the error bar gives the root mean square of both errors.
Results and discussion
PDMS
PDMS (polydimethylsiloxane) is a popular material in, amongst other applications, membranes [1] and microfluidics [63] . It is a rubbery polymer, with one of the lowest known glass transition temperatures (-120°C). PDMS is inert, optically transparent, non-toxic, nonflammable and is easily molded into many forms or coated onto a substrate. In membrane technology, PDMS has initially been applied by Monsanto as a repair coating on PSf gas-separation membranes [64] . In organic solvent nanofiltration, early work on PDMS was performed at major oil and chemical companies (see, e.g., [65] ). PDMS still is a material of choice for many membrane applications, such as organic solvent nanofiltration, pervaporation, and gas separation. The swelling behavior of PDMS in organic solvents is well documented [66] [67] [68] [69] [70] [71] . The results given in this section therefore serve to demonstrate the consistency between swelling data obtained using spectroscopic ellipsometry in this study and swelling data obtained using mass-based solvent uptake measurements on (semi)bulk samples [71] and bulk dilation [66] . Fig. 4 shows the long-term swelling behavior of PDMS samples over a measurement period of 2 months. The swelling is displayed in two ways. The left panel shows the swelling degree, which is the ratio between the swollen thickness and the thickness of the dry layer, the right panel displays the normalized refractive index, running from 1, which indicates a dry polymer (n swollen ≈ n polymer ), to 0, indicating that the swollen layer consists of nearly only solvent (n swollen ≈ n solvent ) (see the definition of Eq. (2)). In the case of PDMS, both the swelling degree and the normalized refractive index stay constant over the complete measurement period of 2 months. The absence of changes on this time scale is consistent with the behavior of an equilibrium polymer above its glass transition. Upon exposure to a solvent, an equilibrium is reached almost instantaneously between sample and solvent. Afterwards, the polymer swelling remains stable over at least the two-month timespan of our measurements.
Long-term swelling
In the solvents in which PDMS shows the highest swelling degrees, the dilation is only restricted by the cross-linking of the polymer (cf. [32]), without which the layers would have dissolved. Listed from largest to smallest, the order of solvent swelling is: apolar solvents (hexane, toluene) > polar aprotic (EA, MEK, acetone) > polar protic (IPA, ethanol, methanol, water). This order is consistent with measurements of the solvent mass uptake and bulk dilation of PDMS in previous studies (cf. Supplementary information, Fig. S1 ) [66, 71] .
The changes in the normalized refractive index of the layers correspond to the changes in the swelling. As expected for a rubbery polymer, the normalized refractive index is low for highly swollen layers and vice versa. The order of decrease in the normalized refractive index corresponds to the order of increase in swelling degree. As the observed swelling degrees for PDMS reaches of well above 100%, the optical contrast between the swollen PDMS layer and the surrounding solvent diminishes. This effect is even stronger for solvents with a refractive index very close to that of PDMS (i.e., MEK, IPA, EA, and hexane). This results in an increased experimental uncertainty compared to the other polymers in both the swelling degree and n normalized compared to other polymers.
For solvent uptake by rubbery materials, volume additivity of the polymer and solvent should hold, in accordance with Henry's law. The solvent fraction can be calculated independently from the dilation using Eq. (3) Fig. S2 in the Supplementary information, shows a slope parallel to the x,y-line, with a small offset. This offset can originate from non-ideal mixing behavior [12] or from experimental uncertainties. Since the dilation and refractive index are obtained independently (i.e., with minor covariance in the ellipsometry data fit), the consistency of the two calculations within the experimental errors demonstrates the high accuracy of the ellipsometry measurements in determining both variables.
In addition to recording the swelling over longer times, we also investigated the swelling dynamics in situ during the first 10 h of swelling. By tracking a single measurement point over the course of 10 h, an accurate measurement of the swelling dynamics of the polymer films was obtained. However, compared to the long-term measurements where averaging over multiple measurement points with respect to the dry thickness was possible, the precision of the in situ swelling measurement is inherently lower (see Section 3.5).
Short-term dynamics
Fig . 5 shows the swelling degree (left panel) and normalized refractive index (right panel) of PDMS films during the first 10 h following on solvent exposure. For both the swelling and normalized refractive index, the obtained values compare well with the long-term data, especially considering the uncertainty on the values of the normalized refractive index, which are due to the minor optical contrast between the solvent and the swollen layer.
For all solvents, the swelling degree instantly attains its equilibrium value, implying that the swelling takes place within the first seconds of the measurement. This behavior is typical for rubbery materials [72] and consistent with the rubbery swelling model (R).
Polyimides
Polyimides (in this study P84, PEI and Matrimid) are mechanically stable and chemically robust glassy polymers with high glass transition temperatures. Their high excess free volume in combination with their glassy nature and temperature stability up to 200°C, sparked the initial interest in polyimides for gas separation membranes [73, 74] . In organic solvent nanofiltration, cross-linked polyimides find their application as supports or as selective layer [1] . The first major-scale OSN process (Max DeWax) used polyimide-based membranes [75] .
P84
P84 (produced by Evonik, formerly Lenzing) is a high-performance engineering polymer used for high-temperature applications including gas separation and hot-gas filtration [76] . Since P84 has a high stability at elevated temperatures and in aggressive solvents, it was one of the first polymers to be applied as an OSN membrane at a major industrial scale as the STARMEM ® -membrane in the Mobil Max DeWax-process [77] . P84-based membranes have been used in solvent recovery, solvent exchange and solute enrichment processes [78] . Note that the properties of the P84 layers measured in the present work may differ from those of Evonik membranes, as the latter membranes are made via proprietary production processes, involving a cross-linking reaction of the polymer network [79] . Fig. 6 shows the long-term development of the swelling (left panel) and normalized refractive index (right panel) of P84 over a measurement period of 2 months. All solvents induce a swelling that progresses over a timescale of months. After 2 months of solvent exposure, the P84 films still display no sign of equilibration. In DCM, the swelling is most pronounced with a swelling degree of 30% after 2 months. The polar aprotic solvents acetone, MEK, and EA show significant but somewhat lower swelling levels as compared to DCM. The normalized refractive index roughly mirrors the swelling trends, slowly moving away from a dry polymer towards more solvent-like properties. In the other solvents (methanol, ethanol, isopropanol, water, hexane, and toluene), the swelling degree after two months is below 10% but still increasing. The normalized refractive indices of the swollen layers show trends corresponding to the trend of the swelling degree, although the measurement uncertainties introduce some scatter on the data. Except for hexane, the data show a decreasing normalized refractive index, a trend that is consistent with a continuous swelling of the layer. The normalized refractive index is higher than may be expected based on the swelling level, which can be explained by the replacement of free volume void space by solvent. Since the normalized refractive index is smaller than 1, effects of dilation on the refractive index value of the polymer outweigh the effects of void filling. Fig. 7 shows the swelling (left panel) and normalized refractive index (right panel) of P84 layers during the first 10 h after solvent exposure. As for the long-term data, for all solvents the measured swelling of P84 within the measured timeframe is not an equilibrium value but a kinetically limited swelling value. For P84, the swelling mechanisms cannot be categorized according to the solvent type (apolar, polar protic and polar aprotic). In DCM, acetone, methanol, ethanol, and hexane, the swelling follows the Fickian-diffusion followed by positive relaxations mechanism (Fr p ), which is manifested through a strong initial swelling followed by a slowly progressing swelling over very long timescales. Here, after an initial swelling step, the swelling appears to increase approximately linearly with the square root of time.
Short-term dynamics.
In the other solvents, MEK, EA, IPA, and toluene, the picture is more complex. The isotropic Cauchy model proved inadequate to model the refractive index and thickness of swollen P84 layer accurately. Particularly during the first minutes following the solvent exposure, the isotropic model resulted in a high mean square error. Therefore, we have evaluated multiple optical models that are capable of capturing non-isotropic behavior. The full details of this evaluation are given in the Supplementary information. The best and most realistic fits were obtained by a model that includes a gradient in the refractive index perpendicular to the substrate. The use of this model is indicated by the asterisk in the figure. A gradient in the refractive index is essentially a gradient in the density of the layer. Physically, this gradient can be caused by a graded solvent concentration inside the layer. Such a gradient forms when the solvent uptake of the layer is diffusion limited. As the solvent front progresses through the polymer layer over time, the gradient disappears. The optical model confirms the disappearing density/solvent gradient in our data over time, up to the point where the gradient is completely absent. For this reason, the long-term data in Fig. 6 could be modelled with the isotropic model.
For most of the solvents, an offset in the refractive index at the start of the measurement is recorded. This offset can be the consequence of an inaccuracy that is either caused by the introduction of the solvent into the measurement cell as shown by Tempelman et al. in [62] , or is the consequence of an initial process that is too fast (in the timescale of seconds) to capture using spectroscopic ellipsometry. Upon comparing the data at the end of the short-term measurement to the more accurate data obtained on multiple sample spots after 1 day (Fig. 6) , it is seen that a small offset is still present at the end of the short-term data. This indicates that this offset is present over the whole data trend. Therefore, the short-term data should be used to investigate trends, whereas the long-term data provides accurate values for the swelling degree and (normalized) refractive index.
Both MEK and EA show a clear increase in the normalized refractive index during the first minutes following on solvent exposure. This increase is consistent with a filling of P84's free volume, indicating an Fr p f-mechanism. A similar increase, albeit taking place slower, is seen for hexane, toluene, and IPA. For these layers, after an initial drop in the normalized refractive index, it does not decrease further, but even increases over time. This increasing normalized refractive index in combination with the dilation of the layer can only be rationalized by a free-volume filling effect. As such, the main swelling of the layer had to take place on the same time scale as the free volume filling, resulting in only minor relaxations at longer timescales. Whether the other solvents fill the free volume as well cannot be concluded from the data; the absence of an increase in the refractive index is possibly due to the freevolume filling effect being outweighed by the simultaneous swelling of 
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the material.
Final remarks on P84.
Our ellipsometry-based measurements of the swelling degree are consistently higher than the values that have been previously obtained in other studies using the solvent mass-uptake method: in most solvents, the swelling degree measured in this study is far higher than the previously recorded solvent mass uptake. Table 3 gives a comparison of the data obtained in our study with data obtained in other studies [80, 81] . The difference in swelling degrees between our data and the literature data cannot be explained by measuring the swelling in 3 dimensions (mass uptake) vs. 1 dimension (ellipsometry) (see a discussion on conversion of the swelling degree between 1D and 3D in the Supplementary information). What could cause the difference is the fact that in thicker samples, gradients will persist over much longer times. Additionally, differences can occur through measurement inaccuracies in the mass-uptake method or differences in the polymer batches (for instance, its molecular weight, molecular weight distribution, or changes in the polymer's synthesis recipe by the manufacturer). In summary, the long equilibration times recorded for the swelling of P84 are a result of the strong glassy character of the polymer. As a consequence, reliable characterization of the membrane performance of P84 in the presence of solvents can only be obtained through long-term measurements. Interpretation of data obtained during the first hours after solvent exposure may lead to false conclusions regarding the performance (flux and selectivity) of the polymer. In all solvents, the swelling of P84 follows a combination of Fickian diffusion of the solvent combined with positive relaxations of the polymer chains (Fr p ), in some cases combined with free-volume filling (Fr p f) . On what timescale the swelling of the P84 films equilibrate and to which extend cross-linking of the film affects this process, remains a topic of further studies.
PEI
Structurally related to the other polyimides, PEI is a high-T g polymer with a high mechanical strength. Processing of PEI via phase inversion is known to be tedious and often results in membranes with relatively low fluxes and low rejections [82] . Nevertheless, for some organic solvents PEI could provide an interesting alternative to the other polyimides, as it is cheaper. Fig. 8 shows the long-term development of the swelling (left panel) and normalized refractive index (right panel) of PEI over a measurement period of 2 months. Similar to P84, the swelling of PEI does not reach equilibrium within this period. In DCM, PEI dissolved (d) readily. In the polar aprotic ketones (acetone, MEK, and EA), the swelling degree is the highest, and gradually increases over the course of time, with a corresponding decrease in the normalized refractive index. PEI also swells significantly in toluene, in which strong changes are recorded over the course of the full two months. This continuous but slow swelling may be the result of a plasticization of the PEI by the increasing toluene content. As for P84, in hexane the swelling of PEI is minor. In alcohols, swelling degrees below 5% are recorded after 1 day, which are slightly lower than the swelling degrees for P84 in the alcohols. After this initial swelling, further changes in the swelling are limited. Nearly no swelling was recorded in water. The normalized refractive indices of the layers that were swollen in the alcohols, hexane, toluene, and water show only minor changes in the order of magnitude of the error margin. Fig. 9 shows the swelling (left panel) and normalized refractive index (right panel) of P84 layers during the first 10 h after solvent exposure. The swelling degrees are consistent with the long-term data. For the layers that are swollen by the ketones, the swelling could not be modelled with a homogeneous layer. Instead, a model with a gradient in the refractive index (i.e., a density gradient) best captured the swelling of the material. The use of this model is indicated by an asterisk in Fig. 9 ; the reader is referred to the Supplementary information for full details. This density gradient can 
Long-term swelling.
Short-term dynamics.
Table 3
Comparison of swelling degree of P84 (this study) with swelling degrees obtained via the mass uptake method [80, 81] .
Solvent Swelling degree (~2 months) (this study)
Mass uptake (100-600 days) [80] Mass uptake (1/3 months) [ physically be interpreted as a distributed solvent concentration perpendicular to the substrate. The swelling dynamics of PEI in the ketones adhere to a Fickian diffusion model, followed by positive relaxations of the polymer chains. During the first minutes, the swelling is accompanied by the filling of the free volume in the PEI layer (Fr p f), which is apparent from the increase in the normalized index upon solvent exposure (for a discussion of the offset in n norm at t = 0, see Section 4.2.1). Hexane, the alcohols, and water show minor swelling levels of 2-5%, and correspondingly, there is only little change in the normalized refractive index. The swelling takes place following the Fickiandiffusion mechanism (F). Relaxations of the polymer chains are very small or absent; even in the long-term data, nearly no change is recorded. The swelling of PEI in toluene and hexane are vastly different, even though both solvents are apolar. In toluene, at first only a minor swelling is recorded, followed by a plateau in the swelling degree after half an hour. At this point, the refractive index continuously changes, which can be indicative for the progressing filling of the excess free volume inside the material. After a few hours in the solvent, the swelling degree increases again, whereas the changes in the index of the layer reach a plateau.
Final remarks on PEI.
Literature data on the swelling of pure PEI is limited. Using the mass uptake method, swelling degrees of 1.38 wt% and 1.44 wt% were measured for water and ethanol, respectively [83] . Those values deviate slightly from the dilation values found in this study (0.6% and 3.8%, respectively). The difference is smaller than the inherent inaccuracy of the solvent massuptake technique and the error bars on our data [62] .
The slow swelling rates and continuous changes reflect the glassy character of PEI. The similarity to P84 in swelling degree and swelling dynamics could imply that PEI is a potentially suitable OSN membrane layer, if a stabilization of the layer through cross-linking similar to that being employed for P84 can be achieved.
Matrimid
Most polyimides are hardly soluble after they have been imidized. In contrast, Matrimid is directly soluble in many polar aprotic solvents [84] . Inherently, the strong affinity to these solvents limits its application as an OSN membrane, even when the membrane is stabilized by a cross-linking procedure [1] . Therefore, and because of its high free volume, the main application of Matrimid is as a gas separation membrane.
Spin-coated layers of Matrimid can demonstrate structural anisotropy [85] . This anisotropy can manifest itself in birefringence (i.e., a different refractive index, depending on the polarization of incoming light). As a result of this, modelling the layer as an isotropic film failed and a model that incorporates optical anisotropy has been used for analyzing Matrimid data. When the layers swell significantly, the polymer relaxes and the anisotropy disappears. A comparison of the models is provided in the Supplementary information. Fig. 10 shows the long-term development of the swelling (left panel) and normalized refractive index (right panel) of Matrimid over a measurement period of 2 months. In DCM, Matrimid dissolved (D). The strongest swelling is recorded for toluene, in which Matrimid shows a swelling degree of 70% after one day, after which changes over longer time scales are virtually absent. For the three polar aprotic ketones (MEK, acetone, and EA), swelling degrees of 50-60% are reached. Whether further changes through positive or negative relaxations take place cannot be concluded, since the changes in the data are within the margin of error of the measurements. Significantly less swelling is recorded in all the other solvents, although the swelling degrees are still comparatively high for a polyimide. Swelling degrees of around 15-25% are recorded in the alcohols. In all solvents except toluene, the swelling appears to be progressing over longer timescales, which indicates that no equilibrium is reached within this timescale. Fig. 11 shows the swelling (left panel) and normalized refractive index (right panel) of Matrimid layers during the first 10 h after solvent exposure. In the aprotic polar ketones (EA, MEK, and acetone), the initial swelling is particularly fast. They are characterized by a solvent front moving through the layer, following the Case II-diffusion mechanism followed by a relaxation as a result of overshoot-dynamics (CIIo, see paragraph 2.4.2). After the nearly instant swelling, the subsequent decrease in thickness and increase in the refractive index are related to the relaxation of the polymer chains, which results in a densification of the swollen polymer matrix. Whereas the swelling degree in toluene is similar to that in the ketones, the layer follows a different path to reach this swelling degree, not showing a Case II-diffusion mechanism. The normalized refractive index of toluene higher than 1 indicates that initially, the layer is filled with solvent without displaying a corresponding swelling. Next, swelling according to a Fickian diffusion mechanism follows, after which the layer shows negative relaxations (Fr n f). The same mechanism starting with free-volume filling is also recorded in the alcohols and hexane (Fr n f).
Long-term swelling.
Short-term dynamics.
Final remarks on Matrimid.
In conclusion, Matrimid shows a high propensity towards swelling in most of the studied solvents. Although multiple studies on Matrimid in OSN and pervaporation have been performed (see an overview in [1] ), no quantitative data on the swelling of Matrimid in solvents has been found. Previous observations that Matrimid swells readily, are confirmed by the data in this study. The high swelling of Matrimid results in high solvent fractions inside the layer (see Table 4 in Section 5.2), which is further evident from the filling of the free volume in the material. Although this might be reflected by very high solvent permeances, the high solvent fraction is likely detrimental to the separation performance of the layers because of the strong swelling of the material. Crosslinking of the polymer or blending it with another polyimide such as P84 may restrict the swelling to some extent, albeit at the cost of lower solvent permeation.
PEBAX
PEBAX (produced by Arkema) is a block copolymer with alternating soft polyether and rigid polyamide blocks, forming a polymer with rubbery domains that can be considered physically tethered by the glassy domains. The rubbery domains give the polymer sorption properties for volatile molecules. The PEBAX polymers are available with a variety of blocks and block lengths. The ratio of the polyamide to the polyethylene block determines the 'glassiness' of the material. As a membrane, it mainly has been applied for a water vapor [86] or gas 
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Journal of Membrane Science 569 (2019) permeation [87] applications. It has also been suggested for deacidifying of vegetable oils, where it was used in hexane, acetone or alcoholic media [88] . Fig. 12 shows the long-term development of the swelling (left panel) and normalized refractive index (right panel) of PEBAX over a measurement period of over 2 months. In all solvents, a pronounced swelling is observed. Extreme swelling is observed in DCM, in which PEBAX swells to nearly 4 times its original thickness. In the aprotic polar solvents EA, MEK and acetone, PEBAX shows swelling degrees of 50-70%. In these solvents, the simultaneous drop in the swelling degree and the normalized refractive index can be indicative for the dissolution (D) of the polymer in the solvent. In the alcohols, PEBAX also swells strongly. In both methanol and ethanol, a possible dissolution behavior similar to that of the aprotic polar solvents is seen (D). In IPA, however, the swelling progresses over the course of 4 months. In hexane, a swelling of nearly 30% without any relaxations is recorded. PEBAX did not swell in water. In toluene, the swelling could not be measured because of the lack in optical contrast between PEBAX (n = 1.49) and toluene (n = 1.49).
Long-term swelling
The dissolution of the layers is confirmed by measurements of the samples thickness after full drying, which showed that the thickness of the exposed layer lies significantly below its original thickness reduced to~60% of the initial thickness for DCM, EA and MEK, and~80% for acetone and methanol. Here, it must be noted that a block copolymer such as PEBAX could rearrange on a supramolecular level upon drying from the solvent and may therefore result in different thicknesses after drying even without dissolution. Fig. 13 shows the swelling (left panel) and normalized refractive index (right panel) of the PEBAX layers during the first 10 h after solvent exposure. In all solvents except water, PEBAX shows an instantaneous and strong swelling, resembling the behavior of rubbery swelling (R). This instantaneous swelling is followed by a gradual further increase in the swelling degree over the course of hours, indicating positive relaxations (r p ), a behavior that is absent for rubbery materials. The normalized refractive indices follow trends that mirror the trend in the swelling degrees, which is as expected for a polymer with limited excess free volume. These positive relaxations presumably take place in the glassy domains. Since the rubbery domains already allowed the solvents to encompass all glassy domains, diffusion limitations are absent. Only in the case of hexane this gradual increase is not seen.
Short-term dynamics
Final remarks on PEBAX
The combined glassy-rubbery structure of PEBAX is reflected in its swelling properties, which appear to be a superposition of rubbery and glassy behavior. On short timescales, the rubbery behavior dominates, whereas on longer timescales, the slow glassy behavior prevents the material from reaching an equilibrium swelling level. In the aprotic polar solvents and in the alcohols, slow dissolution of the layers is apparent over the course of the measurements.
PTMSP
Poly[1-(trimethylsilyl)-1-propyne] (PTMSP) has originally been developed as a gas separation membrane with very high permeabilities 
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Journal of Membrane Science 569 (2019) 177-199 [89] . It has been a subject of many studies because of its exceptionally high free volume [90] . This free volume gives PTMSP membranes their high permeances, but also makes them prone to aging, directing research into preventing ageing in PTMSP [91] . PTMSP has been considered as an active layer for nanofiltration of ethanolic media [92, 93] . Fig. 14 shows the long-term development of the swelling (left panel) and normalized refractive index (right panel) of PTMSP over a measurement period of over 4 months. PTMSP dissolved (D) in toluene, hexane and DCM. In the aprotic polar solvents, the swelling is strong, recording swelling degrees of 50-75%. After the initial swelling, only acetone shows positive relaxations (r p ). The most surprising behavior, however, is recorded in the alcohols: in water and methanol, PTSMP only swells limitedly, whereas in ethanol a much stronger swelling of 50% is recorded, and IPA even tops the swelling of PTMSP, inducing swelling degrees well over 100%. It appears that the increasingly longer hydrophobic alkane tail of the alcohols has a strong impact on the swelling. This is in line with the observation that PTMSP dissolves in apolar solvents.
Long-term swelling
PTMSP has a very high excess free volume. Even though water and methanol only limitedly swell PTMSP, the solvents intrude the polymer and cause an increase in its refractive index through the filling of the excess free volume. The higher free-volume filling of PTMSP by methanol than by water indicates that the affinity of PTMSP for methanol is higher than that for water. Acetone also displays a free-volume filling, even at a swelling level of 30-50%. At such swelling levels, the dilation normally outweighs the effect of free-volume filling.
Arguably, some relaxations of PTMSP may be inferred from the data, but their magnitude is in any case very small in comparison to the other glassy polymers. This absence is uncommon, since PTMSP is considered a super-glassy material. These absent relaxations, characteristic of rubbery materials were observed for PTMSP in the past and explained by the high excess free volume inside the material [94] . We however believe that PTMSP undergoes an immediate solvent-induced glass-to-rubber transition upon solvent exposure. The transition is a result of the high solvent fraction inside the layer, which changes the material into what we came to name a 'glubber': a material demonstrating glassy characteristics in the dry state, but showing strong rubbery characteristics after solvent exposure.
The response of the PTMSP to solvent exposure cannot be grouped into solvent classes. In the solvents MEK, EA, methanol and water, the swelling achieved a stable value almost instantaneously. In IPA, ethanol and acetone, however, the swelling of the PTMSP progressed over 10 h after an initial rapid swelling. In nearly all solvents, the swelling reached equilibrium after one day. Only in the case of acetone does the swelling progress steadily over time. The high value for the normalized refractive index in acetone (n norm > 1) is uncommon for such high swelling levels and could indicate an extreme free-volume filling by acetone. Fig. 15 shows the swelling (left panel) and normalized refractive index (right panel) of PTMSP layers during the first 10 h after solvent exposure. Instantaneously after exposure to the solvent, PTMSP shows a strong swelling with nearly rubbery characteristics, directly followed by a continuing swelling through positive relaxations (Fr p ). The changes in the normalized refractive index indicate that filling of the free volume in PTMSP by methanol, ethanol, and acetone is not compensated by layer swelling (see also Section 2.2.2). For the other solvents, the drop in the normalized index is lower than would have been expected on the basis of the swelling of the material, indicating a high likeliness for filling of the free volume of the material for these solvents as well (Fr p f).
Short-term dynamics
Final remarks on PTMSP
It can be concluded that the rapid initial swelling of PTMSP, combined with the short timescale in which the equilibrium swelling is attained, shows close resemblance to the behavior of a rubbery polymer. Although strong ageing effects are recorded for the dry layers of PTMSP, as was evident from differences in the refractive index of the dry layers. These effects disappear at the moment the PTMSP is brought into contact with a solvent. We suggest that for application of PTMSP in organic solvents, the material should be considered a 'glubber': a glassy material in the dry state that behaves as a rubbery polymer when in contact with solvents.
Polysulfones
Polysulfones are glassy polymers that are used as a support for OSN membranes. In the 1960s, PSf has been introduced as a hydrophobic substitute for cellulose acetate membranes in hemodialysis [95] and has 
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Journal of Membrane Science 569 (2019) been suggested for applications in gas separation in [64] . The widespread application of PSf membranes has mainly been due to their easy processability and good resistance to a wide range of pHs [96] . PES membranes find their use in a broad range of (tight) ultrafiltration processes including drinking water treatment, dairy applications, beer filtration and many others [97] . However, PES membranes have been considered for organic solvent applications as well [98, 99] . In NF and RO applications, both PES and PSf currently find their use as a support layer for interfacial-polymerization membranes [1100] . Both polymers are susceptible to solvent-induced changes at high pressures. For alcohols, some applications using classic interfacially polymerized nanofiltration membranes are reported, which suggests that PES/PSf is suitable as support in these relatively mild environments [101, 102] . Fig. 16 shows the long-term development of the swelling (left panel) and normalized refractive index (right panel) of PES over a measurement period of over 2 months. In DCM, PES dissolved (D). The swelling is most pronounced in the aprotic polar ketones. In the third aprotic polar solvent, EA, the swelling is already less pronounced. In all the other solvents, the swelling degrees are much lower and increasing slightly in time. The normalized refractive indices are consistent with the swelling data. In the case of toluene, n norm exceeding 1 suggests a free-volume filling; however, the large error bars indicate a strong uncertainty on the data values. Fig. 17 shows the swelling (left panel) and normalized refractive index (right panel) of PES layers during the first 10 h after solvent exposure. For the ketones MEK and acetone, the swelling occurs through a Case II-diffusion mechanism combined with overshoot dynamics (CIIo). As a consequence, the short-term swelling degree after a few minutes is higher than the values recorded on longer time scales. The third aprotic polar solvent, EA, the swelling follows a Fickian diffusion with slight positive relaxation (Fr p ). In all the other solvents, the swelling also follows the Fr p -mechanism.
PES 4.5.1.1. Long-term swelling.
Short-term dynamics.
It is noted that for EA, toluene, IPA and hexane, the data could not be modelled accurately using a simple isotropic film model; for these datasets, a gradient in the refractive index was found to best model the data. As for the long-term data, the normalized refractive indices are consistent with the swelling data. As described for the long-term data, the error bars for toluene are significant and the absolute values of the data should be interpreted with care. However, the trend in the normalized refractive index for the short-term data supports the theory that free-volume filling of PES by toluene takes place.
Final remarks on PES.
In conclusion, the resistance of PES to swelling is poor in aprotic polar solvents (ketones) and decent in all others. In long-term operation, the continuous swelling of the polymer matrix in the presence of alcohols and apolar solvents potentially impacts membrane properties. Fig. 18 shows the long-term development of the swelling (left panel) and normalized refractive index (right panel) of PSf over a measurement period of 2 months. In DCM, PSf dissolved (D). The swelling behavior of PSf with respect to solvent type is to a large extent similar to that of PES: the ketones induce a significant swelling of the PSf, with swelling values of 30-40% and the alcohols, water, and hexane induce limited swelling (< 10%). For PSf, the trends in the normalized refractive index are all in line with the swelling degree.
PSf 4.5.2.1. Long-term swelling.
However, in sharp contrast to PES, toluene swells PSf significantly, inducing swelling degrees of over 60%. PES was swollen by toluene to only 15% after two months. Noteworthy as well is the fact that the swelling induced by acetone and EA is slightly lower than that induced by MEK, whereas for PES, the swelling induced by MEK and acetone was similar, and EA displayed slightly lower swelling degrees. Fig. 19 shows the swelling (left panel) and normalized refractive index (right panel) of P84 layers during the first 10 h after solvent exposure. Again, except for toluene, the swelling behavior of PSf is similar to that of PES, displaying strong swelling following the Case II-diffusion with overshoot dynamics (CIIo) in the ketones and relatively minor swelling in the alcohols, water, and hexane, where a Fickian diffusion with positive relaxations is recorded (Fr p ). For toluene, the swelling dynamics appear to be similar to that of the ketones, also following a Case II-diffusion mechanism (CIIo). The unexpected behavior of the normalized refractive index can be attributed to the high refractive index of toluene in combination with the used measurement cell, which is known to result in a high susceptibility of the experiment to external perturbations, such as 
Short-term dynamics.
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Journal of Membrane Science 569 (2019) small temperature variations [62] . It could be argued that for the polar aprotic solvents, the absence of an increase in the normalized refractive index during the apparent overshoot dynamics would hint at a slow dissolution of these polymers. However, the long-term data given in Fig. 18 does not support this conclusion. In addition, measurements of the sample thickness after drying showed no indications of dissolution.
Final remarks on PSf.
In conclusion, PSf has a poor stability in ketones and toluene, following a Case II-diffusion swelling (CIIo).
Especially the remarkably different behavior in toluene compared to PES is an important learning. In nanofiltration and reverse osmosis membranes, typically PSf is applied as a support structure [103] , due to the better properties achievable with this polymer. Contrary to others [104] , we do not see significant differences in the swelling of PSf and PES in alcohols. The presence of toluene can have dire consequences for membrane performance. It is known in industry that undesired membrane behavior is registered in the presence of even low levels (ppms) of aromatics. In the presence of alcohols, the layers do not reach a stable swelling over the course of months, indicating that the longterm operation of PSf-membranes could be unstable in the presence of these solvents.
PAN
Poly(acrylonitrile) (PAN) is a polymer that is widely used as an ultrafiltration membrane in aqueous applications, because it is more hydrophilic than most organic polymers and has sufficient chemical resistance to remain stable in aggressive cleaning environments [105] . In NF applications, PAN is mainly used as a support [106] , because of the difficulties in processing it into a high-quality nanofiltration membrane. Depending on the application, PAN can be modified to make it more hydrophilic or hydrophobic [107] [108] [109] Fig. 20 shows the long-term development of the swelling (left panel) and normalized refractive index (right panel) of PAN over a measurement period of more than 2 months. The main observation for PAN is the very limited swelling in all solvents, which is unsurprising considering the low solubility of the polymer in many common solvents [106] . With a maximum swelling of nearly 10% in methanol after 2.5 months, it swells more than a factor 2 less than PEI does. In toluene and DCM, some swelling to 6% and 4% respectively is displayed as well. In all other solvents, the swelling is ≤ 1%. Except for methanol and toluene, the changes in the normalized refractive index are near zero, especially considering the uncertainty in the measurements due to the small changes. In methanol, the normalized refractive index decreases due to the swelling of the layer. In toluene, an increase in the normalized refractive index is registered, which is unexpected considering the low excess free volume of PAN. However, since the optical contrast between PAN (n = 1.51) and toluene (n = 1.49) is low, the experimental uncertainty is significant. In water, the PAN layer delaminated. Fig. 21 shows the swelling (left panel) and normalized refractive index (right panel) of PAN layers during the first 10 h after solvent exposure. The strong noise on the data here is due to the low signal-tonoise ratio, caused by the marginal swelling of PAN. Because of this limited swelling, the data are highly susceptible to slight perturbations of the system such as minor temperature variations and as such, the authors recommend against over-interpretation of the trends. In water, the PAN layer delaminated within hours after immersion.
Long-term swelling
Short-term dynamics
Final remarks on PAN
It can be concluded that PAN is resistant to a wide range of solvents, as its swelling remains marginal even over long timescales. The low fractional free volume in PAN prevents solvent uptake and 
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Journal of Membrane Science 569 (2019) plasticization of the polymer matrix. Table 4 in the Conclusions shows the solvent volume fractions inside the swollen layer. Due to the limited swelling, the solvent volume fractions are very low and in most cases negligible. As a result, dense PAN layers show very low permeances and are unsuited as nanofiltration membranes. These properties are, however, beneficial in porous support layers, where the solvent permeate through the pores instead of through a dense solvent-filled layer, explaining the wide use of PAN for these applications.
Discussion and reflections
The interactions of 10 organic solvents (hexane, toluene, dichloromethane, ethyl acetate, methyl ethyl ketone, acetone, isopropanol, ethanol, methanol, water) with 9 polymers commonly used for organic solvent nanofiltration (P84, Matrimid, PEI, PAN, PES, PSf, PEBAX, PTMSP, PDMS) were studied. The obtained results demonstrate that the swelling behavior of polymers is complex for three reasons:
1. For many polymers, the swelling changes over long timescales of over 2 months. The results obtained on short timescales do not always allow for direct extrapolation to longer time scales. 2. Structural similarity of polymers does not guarantee similar swelling behavior; 3. Swelling behavior of solvents cannot solely be explained by classifying solvents into aprotic, polar aprotic and polar protic solvents. Fig. 22 shows an overview of the swelling degrees obtained after long-term solvent exposure. The diagram allows for quick extraction of the main trends.
General behavior
The polymers can be mainly classified into four groups: rubbery behavior (PDMS and PEBAX), glubbery behavior (PTMSP), glassy behavior (Matrimid, PSf, PES, PEI, and P84) and non-swelling (PAN). PDMS is a well-understood rubbery polymer. As such, the data presented here are not surprising. The measurements performed here using spectroscopic ellipsometry agree well with values obtained previously using other measurement methods [12, 66] and demonstrate the high quality data that can be obtained. Understanding the behavior of PAN is also straightforward: it shows limited swelling in a wide variety of solvent classes.
The classification of PEBAX and PTMSP can be debated: on one hand, due to the glassy domains, the behavior of PEBAX is not fully rubbery, since its swelling exhibits some temporal changes initially; and on the other hand, PTMSP, a well-known glassy polymer shows some typical rubbery characteristics after being exposed to a strong solvent: a behavior we came to call 'glubbery' (glassy + rubbery).
The other polymers show behaviors typical of glassy polymers. The very glassy behavior of the polyimides, especially P84 and PEI, is confirmed by their limited swelling and strongly time-dependent behavior, even on very long timescales of over 1 month. Although Matrimid is also a polyimide, its susceptibility to swelling is much higher, resulting in high swelling degrees of 60-70% in toluene and the aprotic polar solvents.
PES and PSf are two polymers that are highly interesting from an academic perspective. The difference in molecular structure is limited (PSf contains a dimethyl group instead of a sulfone group every other . Note that the apparent strong scatter on the data is due to limited y-axis range. Because of the low optical contrast, the refractive index data for PANtoluene shows very strong scattering and is not shown here (the data are given in the Supplementary information). Fig. 22 . Overview of all swelling degrees measured after long-term exposure to the respective solvents. For each polymer-solvent combination, the last measured data point was taken. 'o′ indicates absence of a measurement due to lack of optical contrast, 'd′ indicates dissolution of the polymer in the solvent.
repeating unit, see Table 1 ), but their properties are, in some cases, vastly different. Especially in toluene, the swelling of PES is small, but the swelling of PSf is strong. For all other solvents, the swelling behavior can be considered comparable. It appears that the dimethyl group in PSf allows for the penetration of toluene into the polymer's structure.
Looking at the data grouped by solvent, some interesting trends can be identified. The chlorinated DCM dissolves nearly all polymers and only PAN does not swell significantly in DCM. For the other two apolar solvents, hexane and toluene, it is observed that the aromatic toluene in all cases induces a stronger swelling than the aliphatic hexane, which presumable originates from the affinity of toluene to the abundant aromatic and unsaturated bonds in the polymers. The polar aprotic solvents EA, MEK, and acetone typically induce significant swelling as well. Generally, but not always, MEK displays the strongest swelling, followed by EA and acetone. Only in the case of PES, acetone induces a stronger swelling than EA. Not always do these three solvents display the same swelling mechanism. Taking PES as an example, the swelling in MEK and acetone follows the dynamics of a Case II-diffusion with overshoot dynamics (CIIo), whereas the swelling in EA follows a Fickian diffusion with positive relaxation (Fr p ).
The alcohols typically only result in limited swelling of all polymers, PTMSP and PEBAX being notable exceptions. Typically, IPA results in the highest swelling degrees, followed by ethanol and methanol. Only for Matrimid, this trend is clearly reversed, with methanol inducing the highest swelling degrees. Water typically does not swell these polymers significantly. This behavior is expected, since the polymers were selected on their relevance for organic solvent nanofiltration, for which an affinity to organic solvents rather than water is desired.
All swelling data are summarized in the graphical abstract. Another possible visualization of the affinity of the polymers for the studies solvents is a plot of the swelling degree versus the Hildebrand solubility parameter (δ), a parameter that is typically used to estimate solubility of polymers in solvents. This representation and a discussion of these data are given in the Supplementary information.
Solvent volume fractions
Quantitative data aids in the development of predictive models of the performance of polymers under application conditions. One of the most interesting quantitative parameters that can be derived is the solvent volume fraction inside the swollen layers, since it relates directly to the solvent activity (see Section 2.3.1). As previously indicated, because of the presence of an excess free volume in glassy polymers, the solvent volume fractions as determined from the dilation and from the refractive index, may differ.
If a polymer contains excess free volume in its dry state, it is impossible from the (dilatational) swelling degree alone to distinguish whether the solvent fills the excess free volume without dilation (Langmuir-sorption), introduces dilation (Henry-sorption), or follows a combined mechanism. Therefore, we present the solvent fractions in the layers, calculated both from the dilation using Eq. (3) and the refractive index using Eq. (5). To account for the relaxation of the excess free volume in Eq. (5), the refractive index of polymer was replaced with the hypothetical liquid refractive index.
To illustrate, P84 has a high free volume, which can potentially take up plenty of solvent without showing complementary swelling. In the Langmuir case, the free-volume filling should result in an increase in the normalized refractive index. In the Henry case, the normalized refractive index should decrease. In the mixed case, it can go either up or down, depending on the relative magnitude of the two contributions. In the ideal case of data without experimental uncertainty, the combination of swelling degree and refractive index can be used to calculate the solvent volume fraction in the layer.
An overview of these solvent volume fractions inside the swollen layers is given in Table 4 . Additionally, the data is available graphically in the Supplementary information. Since the dilatational values (HenrySorption) do not incorporate free volume filling, they represent an estimate for the minimal solvent volume fractions inside the polymers. For rubbers, due to the absence of free volume, they represent the true value. For glasses, because of the free-volume filling (Langmuir sorption), the true solvent volume fractions will always be higher. In the case of high solvent-volume fractions (i.e. strongly swelling polymers), the error introduced by this calculation is minimal, since the contribution of Langmuir sorption is small in comparison to that of the Henry sorption.
Conclusions
In this paper, 90 polymer-solvent combinations have been investigated. The given data form a basis for fundamental investigations and practical application of these materials. The methodology can be applied to study further polymer-solvent combinations that are of interest. Here, the influence of parameters such as molecular weight, degree of cross-linking, blending, and solvent mixtures can be considered. To gain even deeper insight into the process occurring inside the layers, spectroscopic ellipsometry can be combined with other techniques, such as a quartz-crystal microbalance or dielectric relaxation spectroscopy. By applying the layers to porous substrates and analyzing these in situ under pressure [32] , the influence of pressure gradients on the layers can be studied further.
The error bars in the data in this study are predominantly caused by the thickness inhomogeneity in the spin-coated layers. Therefore, a further improvement in data accuracy can be obtained by better controlling the layer homogeneity. The uncertainties introduced by inaccuracies in the refractive index are inherent to the applied measurement method; they can be minimized [62] , but not avoided completely. Furthermore, for the glassy materials, it would be interesting to store the samples for much longer timescales of multiple years in order to assess the final (equilibrium) solvent concentration that is reached inside these layers.
Table 4
Low boundary values for the volume fractions of solvent inside the swollen layers in percent at the last measurement point, calculated from the swelling degree assuming zero excess free volume.
